Abstract-We have built Fabry-Pérot resonators based on microstructured silicon and a liquid crystal. The devices exhibit tuning of the resonance peaks over a wide range, with relative spectral shifts of up to ∆λ/λ = 10%. In order to achieve this substantial spectral shift, cavity peaks of high order were used. Under applied voltages of up to 15 V, a variation in the refractive index of the nematic liquid crystal E7 from ∆n LC = 0.12 to ∆n LC = 0.17 was observed. These results may have practical applications in the near-, mid and far-infrared range.
INTRODUCTION
Silicon photonics [1] allows integration of optical and electronic functions on the same die, enabling low-cost manufacturing and fast data transfer. Devices based on optical microcavities can be used in a wide range of applications [2] . One example is the Fabry-Pérot (FP) resonator, which consists of a pair of parallel mirrors with a cavity between them [3] . Incorporating an electro-optic material into the microcavity with a large birefringence ∆n, such as a Liquid Crystal (LC) [4] , allows structures with tunable photonic properties to be fabricated. These devices are fabricated using porous Si layers of different porosities or thin, multilayer coatings and the direction of propagation of light is perpendicular to the substrate [5] . One of the most effective ways of tuning the optical properties of the material within the cavity is by applying an electric field. For the nematic liquid crystal E7, with ∆n ≈ 0.2, relative shifts in the resonant frequency, expressed as a percentage, of up to ∆λ/λ = 1.1% in Ref. [6] and ∆λ/λ = 8% in Refs. [7, 8] have been observed. These, as well as other recent investigations, have demonstrated the possibility of electro-tuning in LC-FP resonators.
For integrated silicon microphotonics, the preferred direction of light propagation is parallel to the substrate, requiring microstructuring of the semiconductor substrate. A device of this type, based on a cavity introduced into a two-dimensional (2D) photonic crystal (PC) was suggested in Ref. [9] , where the reorientation of the LC and a consequent relative shift of the resonance peak of up to ∆λ/λ = 0.5% were achieved using an applied voltage of 10 V. In paper [10] , it is demonstrated that an FP resonator can be obtained by fabricating only two microstructured Si walls, the mirrors, with an air gap, the resonant cavity, between them. This cavity can be infiltrated with an LC.
A schematic diagram of this type of resonator is shown in Fig. 1(a) . Due to the high optical contrast of Si/LC, the calculated reflection coefficient, R, in the stop-band maximum may reach 0.95. The transmission coefficient, T, can vary from 0.05 to 1. A large spectral shift in the high order resonance modes was demonstrated by varying the refractive index, n, of the medium in the resonator cavity [10] . Despite the simplicity of this design, electrotuning of the resonant modes in this type of FP-resonator, filled with LC E7, was experimentally demonstrated, with relative shifts of up to ∆λ/λ = 3.2%. In this study, an LC-FP resonator with an optimized design, based on a combination of reflection and transmission gap maps, was fabricated. A detailed investigation of electrotuning of the device is described. The device exhibits a large shift in the resonant peaks and a reversible tuning of the high-order resonant peaks as a result of the LC transition from planar ( Fig. 1(a) ) to homeotropic alignment ( Fig. 1(b) ).
CALCULATIONS
In order to design an optimal structure for Fabry-Pérot resonators, we use maps of the Photonic Band Gaps (PBGs) or Stop Bands (SBs) [11, 12] . In order to draw the map of the SBs for a 1.5-period photonic crystal, considered here as an FP-resonator, we generate values of the filling fraction of Si, f Si , from 0 to 1, with a step size of 0.01, assuming that the parameter a = d cav + d Si is constant, and
Then, using the Transfer Matrix Method (TMM) [13] , a set of R spectra, ∼ 100 in total, are calculated for values of f Si varying from 0 to 1 at a normal incidence of light. The incoming and outcoming medium was air, with n = 1. We use a refractive index for Si of n Si = 3.42 [14] , and extreme values of the ordinary (n o ) and extraordinary (n e ) refractive indices ( Fig. 2(a) , insert) of the liquid crystal E7 with n LC equal to 1.49 and 1.69, respectively, in the mid-IR [15] range. Values of the reflection coefficient, R, above a particular cut off [16, 17] , chosen here to be R cutoff > 0.85, are plotted on the graph versus normalized frequency, N F = a/λ, as shown in Fig. 2(a) . This, lower than usual, value for the cut off criterion for SBs of R cutoff = 0.85 is chosen for clarity.
As shown in Fig. 2(a) , the oval SB regions obtained are relatively wide, due to the high optical contrast and the low value of R cutoff used. The SB regions for the resonator with n LC = 1.69 are red shifted with respect to the SBs for the resonator with n LC = 1.49. The relative shift, ∆N F/N F , is substantial, over a range of f Si = 0.02-0.2 and for values of N F ∼ 1, for example, (see Fig. 2(b) ). It can also be seen from this figure that the SB regions are shifted by an amount equal to their total width as a result of the variation of n LC from 1.49 to 1.69.
In order to identify regions with high transparency, the set of calculated R spectra for f Si values from 0 to 1 is filtered using a different cut off criterion of R cutoff < 0.01, which is equivalent to the condition T cutoff > 0.99. This procedure allows a map of the transmission bands, (TBs) [18] , or pass-bands, to be plotted on the previously obtained map of the SBs. This allows a clearer demonstration of the location of the transmission bands with respect to the SBs, as a function of f Si ( Fig. 2(a) ). In the TB regions, resonant modes with high signal modulation (∆T = T max − T min ≈ 0.95) as well as low signal modulation are included [19] . Consequently, the TB region must be surrounded by two stop-bands on the gap map. For example, for f Si = 0.5 and 0.3 in Fig. 2(a) , there are no closely spaced SBs around the TB regions, between the regions 1-1a and 1-2a respectively, and, therefore, the corresponding resonance peaks do not possess a high signal modulation. This effect is obvious to an even greater extent in the spectra shown in Fig. 2(b) . These spectra demonstrate that a variation in n of 0.2 in the resonant cavity leads to a shift of the resonance peak, for example, from The simulations presented in Fig. 2 (a) demonstrate that the relative shift of the resonance peak in the region of SBs 1 and 2 is minimal, while in the high order stop-bands, a substantial change in the position of the resonant peaks can be expected. The calculations are performed using normalized frequency units, N F = a/λ, so they are applicable to any wavelength range. When selecting an FP-resonator it is necessary to consider both the maximum possible shift of the resonance peaks that can be obtained as well as the maximum value of spectral modulation, i.e. the difference between the maximum and minimum value of R in the spectra -ideally ∆R = |R max -R min | ∼ 0.95-0.99. Clearly, a structure with a large LC component would be expected to have a stronger influence, via its refractive index, on the resonance peaks positions. So, in order to experimentally verify the simulation results, FP resonators with filling fractions of f LC ∼ 0.8 and ∼ 0.9, or f Si ∼ 0.2 and ∼ 0.1, respectively, were used.
EXPERIMENT
The FP resonator was fabricated using optical lithography and anisotropic etching of (110) Silicon-On-Insulator (SOI) wafers. Anisotropic chemical etching was used for microstructuring the (110) Si [20] , because this technology generates high quality, 'mirror-like' Si side-walls and, therefore, excellent infrared spectra. Thermally grown silicon dioxide was used as a mask when etching the wafers. The thickness of the Si device layer and the Buried Oxide (BOX) layer were 20 µm and 2 µm, respectively. The choice of 20 µm for the depth, in particular, was dictated by the minimum size of the IR microscope aperture used for optical characterization, in conjunction with an FTIR, FTS 6000 spectrometer [21] . A view of a typical resonator, fabricated on (110) Si, is depicted in Fig. 3 . The cavity was infiltrated with commercial LC E7 (Merck) [22] using a specially designed reservoir and the channels shown in Fig. 3 . Si wall-electrodes were connected to the outer pads by attaching thin metal wires to the chip contact areas with conductive silver paste. An AC rectangular pulse train, with various amplitudes between 0.5 V and 15 V, with a pulse duration of τ p = 1 ms and a frequency of f p = 100 Hz was used to drive the device [23] .
Optical characterisation was performed with a polarized FTIR microspectrometer in reflection, R, and transmittance, T , modes in the wavenumber range of ν = 650-6500 cm −1 (λ = 1.5-15 µm). For polarized infrared measurements, the electric vector of the incident light is aligned with the Si grooves for E-polarized light, while for Hpolarized light the electric vector is aligned along the depth direction of the grooves as shown in Fig. 1(a) .
A best fit to the experimentally registered spectra using simulated spectra calculated using the Transfer Matrix Method [13] was performed. For the empty resonator (n cav = 1) the fit was performed with a Si wall width of d Si ≈ 1 ± 0.3 µm and a cavity width of d cav ≈ 4.0 ± 0.3 µm as fitting parameters, while for the LC FP resonator, n cav was used as a fitting parameter. The characteristic vibrational bands of the liquid crystal were also analysed, together with the interference bands of high reflection, the Stop Bands, and the resonant transmission peaks. Note that all the experimental spectra (R and T ) are presented in this paper in arbitrary, or normalized, units in order to clearly compare the results. Normalization of the data was necessary due, in particular, to a shading effect [21] of the focused light beam onto the Si wall of the resonator, integrated onto the chip, during infrared measurements.
Reflection spectra in E-and H-polarization, registered from a 20 × 20 µm 2 area of an FP LC-resonator prior to the application of the electric field are shown in Fig. 4(a) . A pronounced shift of the interference bands in the reflection spectra as a result of the change in the polarization of the probe beam from E to H-polarization is observed, confirming the anisotropy of the LC molecules infiltrated into the resonator. In other words, this shift is caused by the alignment of the LC director along some preferred orientation within a Si groove and, therefore, due to the influence of the ordinary, n o , and extraordinary, n e , refractive indices for the appropriate polarization. Similar results are obtained from the same spot when measuring the transmission, T , spectra (Fig. 4(b) ). We note that the transmission spectra are noisier than those taken in reflection, due to the reduction in the total intensity of the light transmitted through the resonator. Nevertheless, general trends in the behavior of reflection and transmission spectra are clearly seen from a comparison of Figs. 4(a) and 4(b) . For both polarizations, the position of the minima in the transmission spectra corresponds to the maxima of the reflection spectra and vice versa.
A fit to the R spectra from the LC FP resonator results in a value of n cav = 1.57 for E-polarization, and n cav = 1.45 for H-polarization, using known values of d Si = 1 µm and d cav = 4 µm. The value of n cav = 1.45 for H polarization obtained appears to be smaller than the value of n o = 1.49 from the literature for LC E7 [15] . This discrepancy will be discussed in the following section. The presence of the LC in the cavity is confirmed by observation of the absorption band of LC E7 molecules at 2222 cm −1 [24] in the R (Fig. 4(a) ) as well as in the T (Fig. 4(b) ) spectra for E-polarization. Two other intense absorption bands of LC E7, which could have been used for the analysis of the orientation of LC molecules, are typically observed at 1497 and 1602 cm −1 [24] . In Fig. 4 , they are near the minima of the interference bands and are hidden. So, only the vibrational band at 2222 cm −1 was utilised in this case. We note that for the H-spectrum, this band is suppressed significantly in comparison to the E-spectrum. This behavior is typical of the dichroism of LC molecules. The dominant behavior of the band at 2222 cm −1 for E-polarized spectra indicates a preferred orientation of the LC director in the X-direction, along the groove, as shown in Fig. 1(a) .
Under an applied voltage of 10 V, the E-spectra are blue-shifted, as seen in Figs. 5(a) and 5(c), indicating that the value of n LC is reduced in the resonator by the electric field. The H-spectra are practically unchanged by the electric field (not shown). The intensity of the vibrational band of the LC at 2222 cm −1 is decreased in the E-spectrum at 10 V (Figs. 5(a) and 5(c)), indicating that a reorientation of molecules from the initial, planar, alignment to homeotropic alignment has occurred, in accordance with the model presented in Figs. 1(a) and 1(b) . The value of n cav = 1.45 (at 10 V) obtained appears to be lower in this case than the n cav = 1.57 previously observed at 0 V in the E-polarized spectrum. In the former case, the orientation of the LC is driven by the electric field and would be strongly expected to be homeotropic. In accordance with the schematic shown in Fig. 1(b) , for homeotropic alignment of LC molecules, n cav must correspond to the refractive index, n o , of LC E7, i.e., to be equal to 1.49. The value obtained by us from the fitting routine of 1.45 is smaller than 1.49 by 0.04. This deviation is larger than any inaccuracies that you would expect from determining the value of n from the fitting routine, which would typically be δn = ±0.02.
As already noted, after infiltration of the LC into FP resonator, the value of n cav was determined to be 1.57 for the E-spectrum (at 0 V). This value is close to the expected refractive index value for a random orientation of the LC molecules n rand = 1.56 [15] . However, dichroism, clearly observed for the 2222 cm −1 absorption band, indicated that the initial orientation of LC molecules was planar. In this case, from the literature, n e must be equal to 1.69 [15] , while from the fit of the spectra a significantly smaller value, of n LC = 1.57, was obtained. Therefore we conclude from the spectral fitting process that both of the calculated n values (n o and n e ) are smaller than those predicted by the model.
One possible reason for the lower values of n LC could be the presence of air voids inside the groove with LC. Indeed, air voids are visible in some SEM images of our LC infiltrated devices. In order to avoid the appearance of air voids, it is better to perform the infiltration of the LC at higher temperatures, typically at the temperature of the isotropic phase. However, in this study, the infiltration of the LC was intentionally carried out at room temperature, where the LC E7 is in the nematic phase. In our experience, infiltration under these conditions results in a spontaneous planar orientation of the LC director, either along the depth or along the length of the grooves [25] . In our experiment, the degree of infiltration of LC in the groove is normally observed using an optical microscope, allowing the propagation of the LC molecules along the groove, the X direction in Fig. 1(a) , and the infiltration quality to be assessed.
The results obtained using the Effective Medium Approach [26] indicate the possibility of the existence of a volume fraction of air voids in the cavity of V air = 0.08, i.e., 8% [10] . This explains the lower values of n obtained from fitting the experimental spectra for both E and H polarizations.
The spectrum registered across the whole infrared range, as well as the spectrum in the region of the vibrational mode at 2222 cm −1 , reverts to that originally seen at 0 V on removal of the electric field. Therefore, in this work, we have demonstrated, for the first time, a spontaneous planar orientation of nematic LC molecules on an untreated Si surface, which can be reversed by the removal of the electric field, using voltages up to 10 V. As a result of electrotuning, these FP peaks are shifted reversibly by 128, 168 and 206 cm −1 , corresponding to relative shifts of ∆λ/λ = 4.2, 5.2 and 4.8%.
We also investigated the resonant peak shifts at intermediate applied voltages of between 0 V and 10 V, as demonstrated in Fig. 6 for E-polarization in the spectral range from 3000-3800 cm −1 . The applied voltage of 1.5 V is not enough to cause reorientation of the LC Fig. 7(b) , is obtained at ∆n LC = 0.17 (n LC = 1.51, 0 V)) and (n LC = 1.34, 15 V). from one state to another. At 2.5 V, which is close to the threshold voltage of LC E7 (1.5 V), a pronounced shift of the bands is seen. The shift reaches a maximal value at a voltage of 10 V. We note that the position of the resonance peak at 10 V for E-polarization corresponds to the position of this peak at 0 V for H-polarization, as expected from the alignment models demonstrated in Figs. 1(a) and 1(b) .
A similar experiment was conducted on a different sample with a higher filling fraction of f LC ≈ 0.9 (f Si ≈ 0.1). By fitting the experimental spectrum for the empty sample, a value of d Si = 0.6 µm was obtained, with a resonator cavity width, d cav = 7.4 µm (f Si = 0.07). The reflection spectrum, registered for this sample after LC infiltration, shows that the band positions shift, depending on the polarization of the probe beam, that is, the system exhibits anisotropy. For E-spectrum of R (Fig. 7(a) ), all three characteristic vibrational bands of the LC (at 1497, 1602 and 2222 cm −1 ) have a higher intensity than those in the same spectrum taken using H-polarization (not shown). This indicates that an orientation of the LC molecules along the X-axis has occurred ( Fig. 1(a) ). Reflection spectra in Epolarization, registered after electric field application, are shown in Fig. 7(a) . The applied voltage of 15 V results in a blue-shift of the E-spectrum, and to a decrease in the intensity of the LC peaks, as demonstrated previously, causing a homeotropic orientation of the LC molecules ( Fig. 1(b) ). The results of the best fit to the experimental spectra, using n LC as a fitting parameter and values of d Si = 0.6 µm and d cav = 7.4 µm, are presented in Fig. 7(b) . The characteristic FP peaks are seen in the calculated spectrum, which coincide well with the relevant experimental peaks across the spectral range investigated from 650 to 6500 cm −1 (see Fig. 7(a) ). The shifts in the experimental spectrum obtained after the application of an electric field are also present in the simulated spectrum. In addition, after the application of a voltage of 15 V, the intensity of all three vibrational bands of the LC decreases significantly, confirming the transition of the LC to a homeotropic alignment.
The electro-optical effect observed here can be considered reversible, because after the electric field was switched off (0 V) the spectrum returns to its initial state, corresponding to a planar orientation of the LC molecules. The same effect was observed in the first sample. Fig. 8 shows intermediate spectra, obtained using a range of applied voltages from 0 V to 15 V, in an extended spectral region from 1480 to 2300 cm −1 . These spectra demonstrate the possibility of fine tuning the resonance peaks. This tuning effect is clearly apparent in, for example, the vicinity of ∼ 1750 cm −1 (λ = 5.7 µm). The reorientation of LC molecules under an applied voltage is also clearly demonstrated by the change in intensity of the 1602 cm −1 vibrational band. As noted earlier, the values obtained for the parameter n LC , calculated during the fitting routine, are slightly lower than the ordinary and extraordinary refractive indices of LC E7 from the literature. Note that the values of birefringence of 0.12 and 0.17 are close to the ∆n LC = 0.2 obtained for LC E7 in the mid-IR range [15] . We assume that the lower n LC values obtained here are related to the presence of a small number of voids in the LC, created during the LC infiltration process.
RESULTS ANALYSIS
An electrotunable LC FP resonator, based on the principle of changing the optical thickness of the LC resonator, using resonance peaks of high order [10] , has been demonstrated in this investigation. This electrooptical device is based on microstructured silicon with LC filler. To the best of our knowledge, the closest existing analogue to the device suggested is a hybrid photonic crystal microcavity switch, as described in Ref. [9] . In this device, a relative shift in the resonance mode of the order of (∆λ/λ) = 0.5% in the near infrared range was achieved as a result of the electro-optical effect obtained due to the reorientation of LC E7 in the cavity of a two-dimensional photonic crystal. We would also like to mention Ref. [27] , where a shift of the resonance peak of (λ/λ) = 0.5% was reported, due to a variation in the geometrical thickness of the FP air cavity driven by an electric field applied to the second movable mirror. Therefore, the FP resonator demonstrated in our work, fabricated by microstructuring of Si, is significantly better than comparable devices, given that the resonant peak shift varied from 5% to 10%. This can be explained by the fact that i) we use the resonance peaks in the stop bands of high order, where a significant shift of the consequent defect mode can be obtained as a result of the change in ∆n in the electro-optical material used and ii) in comparison with the rough interface in a 2D microcavity, the application of an LC with plane-parallel reflectors provides the most effective distribution of "switchable" molecules with respect to the Si side-walls and the applied electric field. We demonstrated the optical properties of this type of LC FP-resonator in the mid-infrared range, enabling us to simultaneously analyse the behaviour of the LC E7 vibrational modes. Investigations of the optical properties of electro-optical devices in the mid-IR range are also technologically important. Si-LC composite materials, and switchable elements based on them, are being researched aggressively, due to their transparency in this spectral range and these devices may have application in biochemical sensing, medicine, defense and security [28] .
Finally, we note that the demonstrated electrotunable model of Fabry-Perot resonator can be applied to the realization of any one-dimensional photonic micro-and nano-devices such as tunable bandpass filters [29, 30] , photonic crystal mirrors [31, 32] , polarizers [33] , polarizing beam splitters [34, 35] , channel-drop filters [36] and multichanneled filters [37] for application in the wide electro-magnetic spectral range.
CONCLUSION
A Fabry-Pérot resonator, consisting of two silicon walls, also acting as electrodes, and a thick cavity, filled with the nematic liquid crystal E7, was fabricated on a Si-On-Insulator platform. The Reflection and Transmission spectra of this resonator were investigated using Fourier Transform Infrared microspectroscopy, in the spectral range from 650 to 6500 cm −1 (1.5 to 15 µm). The spectra obtained are in good agreement with the results of calculations based on the Transfer Matrix Method and Gap Map Method. In particular, a superposition of the transmission peaks with reflection maxima, predicted from calculations, was confirmed experimentally. Altering the liquid crystal alignment, and consequently the refractive index value in the cavity, by the application of an electric field using voltages from 0 V to 15 V, results in reversible tuning of the high-order resonance peaks with relative shifts of up to ∆λ/λ ≈ 10%.
